The link between phenotypic plasticity and heterosis is a broad fundamental question, with stakes in breeding. We report a case-study evaluating temporal series of wood ring traits of hybrid larch (Larix decidua × L. kaempferi and reciprocal) in relation to soil water availability. Growth rings record the tree plastic responses to past environmental conditions, and we used random regressions to estimate the reaction norms of ring width and wood density with respect to water availability. We investigated the role of phenotypic plasticity on the construction of hybrid larch heterosis and on the expression of its quantitative genetic parameters. The data came from an intra-/interspecific diallel mating design between both parental species. Progenies were grown in two environmentally contrasted sites, in France. Ring width plasticity with respect to water availability was confirmed, as all three taxa produced narrower rings under the lowest water availability. Hybrid larch appeared to be the most plastic taxon as its superiority over its parental species increased with increasing water availability. Despite the low heritabilities of the investigated traits, we found that the quantitative genetic parameters varied along the water availability gradient. Finally, by means of a complementary simulation, we demonstrated that random regression can be applied to model the reaction norms of non-repeated records of phenotypic plasticity bound by a family structure. Random regression is a powerful tool for the modeling of reaction norms in various contexts, especially perennial species.
Microdensitometric profile from one wood core sample in Saint-Appolinaire. Bottom: wood core sample (pith on the left). Middle: X-ray radiography of the sample. Top: wood density variation (kg/m 3 ) along the core (mm). The peaks correspond to late wood and delimit the annual growth rings water availability. Secondly, we described how the water avail- environmental gradients, and we modeled the reaction norms 167 along these environmental gradients separately. 169 Reaction norms were modeled using orthogonal Legendre poly-170 nomials (Kirkpatrick et al. 1990; Schaeffer 2004) . Let L m (x ) be the 171 m th order Legendre polynomial of x , with x the standardization 172 of x on [-1, 1] , that is x = 2 * [x − min(x)]/[max(x) − min(x)] − 1. 173 We fitted the following model for each taxon (EL, HL or JL): The additive effects a were random, and depended on the species. 177 For EL and JL pure species, respectively, a E ∼ N(0, Σ AE ⊗ A E ) 178 and a J ∼ N(0, Σ AJ ⊗ A J ); and for the hybrid a H = g E + g J with 179 g E ∼ N(0, Σ HE ⊗ 1 2 A HE ) on the EL side and g J ∼ N(0, Σ HJ ⊗ 180 1 2 A HJ ) on the JL side (Stuber and Cockerham 1966) . Given that 181 the parents were supposed outbred and unrelated, A HE and A HE 182 reduced to identity matrices. The permanent environment was 183 p ∼ N(0, Σ P ⊗ I P ). The residual was unstructured r ∼ N(0, σ 2 R I R ).
168

Modeling of reaction norms by random regression model
184
We chose to fix M S = M A = M P = M so that an 'order M' applied 185 to the whole model. as on the residual variance. All chains were 5.5 × 10 6 iterations 201 long, with 5 × 10 5 iterations burn-in and a thinning of 5 × 10 3 .
202
Point estimations from chains were maximum a posteriori, and 95% 203 credible intervals (CIs) were computed where appropriate. The 204 quality of fitting was assessed using coefficients of determination 205 R 2 (Nakagawa and Schielzeth 2013; Johnson 2014).
206
Estimation of genetic parameters 207 The additive variances (σ 2 A:RW (x) and σ 2 A:RMD (x)) and covariance 208 between RW and RMD (c A (x)) were calculated from the multivari- 
The permanent environment variance σ 2 P:T (x) was computed 217 in the same way. Similarly, the additive covariance between the 2 218 traits was computed as:
Finally, the permanent environment covariance c P (x) was com-220 puted in a similar way. Narrow-sense heritabilities and additive 221 correlation were then computed respectively:
Coefficients of determination (R 2 ) for ring width (RW) (a) and ring mean density (RMD) (b), depending on the model specification. The polynomial order (M) varied from 0 to 3. Three covariates were compared: the first decile of the soil daily relative extractable water (D1rew) for the current year (year t, implicit) and for the previous year (year t − 1, specified), and the sum of daily differences between precipitation and potential evapotranspiration from May to July (MJJA) for the current year. The last model specification ('Multi.') corresponds to 1 st order regression with the covariate D1rew of the current year t, but in this case the model was multivariate and RW and RMD were analyzed simultaneously and:
For hybrids, narrow-sense heritabilities and additive correlation 224 were computed for each of the parental contributions g E and g J .
225
Therefore, on the EL side: genotypic effect at a given locus was set as a function of the envi- were 1.5 × 10 5 iterations long, with 5 × 10 4 iterations burn-in and a 266 thinning of 10 3 . We measured the ability of the random regression 267 to infer additive components of the parental reaction norms. The ranking in RW performance between EL and JL varied de-311 pending on the site: EL performed better in SA while JL did better 312 in SS ( Fig. 4) . However, the superiority of the hybrid over both its 313 parental references occurred in the two sites, and over the whole 314 range of D1rew.
315
For any taxon and in any site, RW was plastic as it increased 316 with increasing water availability (Fig. 4) . The three taxa showed .
340
Ring width heritabilities were close to 0 (Fig. 5) . The signal for 341 performance contrasts for RW in pure species was also very weak, 342 but both species showed contrasted performances in hybridization 343 as the water availability increased; some of these contrasts were 344 supported by non-overlapping 95% CIs when D1rew was high 345 (Supplementary 4, Fig. S 7) .
346
Heritabilities for RMD were higher than those of RW, especially ( Supplementary 4, Fig S 7) . Moreover, the ranking of the 9 JL par-355 ents' performances for RMD was consistent in pure species and in 356 hybridization (Supplementary 4, Fig S 6 ).
357
Correlations along the water availability gradient 358 The additive genetic correlation between RMD and RW showed ance properly (Supplementary 4, Fig. S 9) . From order 1 and over, 402 the ability of the model to estimate the additive variances appeared 403 overall dependent on the heritability. Indeed, the estimated addi-404 tive variance were close to the true ones in scenarios 3 and 4 (both 405 h 2 = 0.6) with order 1 or 2. With lower heritability (h 2 = 0.1) and 406 order 1 or 2, the additive variance were overestimated.
407
DISCUSSION
408
In this study, we constructed the reaction norms of annual wood- 
418
The annual ring width was plastic and as expected increasing 419 water availability allowed a higher radial growth ( Fig. 4) (Fig. 6 ). The emergence of this negative additive correlation might 443 be explained by an increase in the early wood / late wood ratio 444 with increasing water availability, with early (spring) wood being 445 generally less dense than that of late (summer) wood (Fig. 1) . How-446 ever, we need to look more carefully to other ring traits (as did, 
451
We obtained fairly high R 2 for the reaction norms models, sug- Accuracy of the predictions of parents' additive reaction norms in each scenario: (1) h 2 = 0.1 and n = 20 (a, e, i), (2) h 2 = 0.1 and n = 120 (b, f, j), (3) h 2 = 0.6 and n = 20 (c, g, k), and (4) h 2 = 0.6 and n = 120 (d, h, l); for 100 simulations in each scenario, and for each order of random regression: order 0 (a-d), order 1 (e-h) and order 2 (i-l). Each grey curve is the accuracy of 1 simulation; boxplots summarize all the point accuracies in segments of a 10 th of the simulated environmental gradient the distribution of the driest days along the year. The timing of 461 a water deficit, in spring or in summer, could have more or less 462 effect on different ring traits; for instance, those relative to early 463 or late wood, or to the transition between the two. It also has to 464 be said that the relation between water balance and radial growth 465 that we showed in the present study does not necessarily imply it presented an approach that could help in such identification.
482
We studied phenotypic plasticity at two levels. The first level given the high correlation that binds the identity and the square 619 (and any power) functions. 620 vance not only for breeding but also in ecology studies looking for drivers and patterns of natural selection (Brommer et al. 2005) . As when the vegetation is maximal in the season. Then, we linearly inferred the LAI max at any age for which we had ring observations. The
887
LAI max was inferred at the site scale. We present the calculated and the inferred LAI max in Fig. S 3. 888 Figure S 3 LAI max evolution in each site: SA (a) and SS (b). Circles: LAI max estimated from basal area. Non-circled crosses: LAI max linearly inferred. All crosses: LAI max used in the water balance model Soil available water capacity 889 We excavated 2 pits in SA and 3 pits in SS, in the most contrasted areas. The contrasted areas were assessed using tree height (at the last 890 age available) spatial effect maps. The spatial effects were predicted as best linear unbiased predictions (BLUPs) from model 'M1' in 891 Marchal et al. (2017) . In each pit, we measured soil horizon thickness, stone content, and we collected samples to assess the soil texture. We 892 estimated the available water capacity (AWC) for each pit (Bruand et al. 2004) , that is, the maximal amount of water available for plants 893 that the soil can store. We assumed that height spatial effect informed on AWC, as empirically supported in Fig. S 4. Within each site, we considered a linear relation between tree height spatial effects (BLUPs) and AWC in order to infer AWC at the tree level. Nevertheless, for The daily climate information we used were the precipitations (P) and the potential evapotranspiration (PET). Raw climatic data were
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Figure S 6
Genetic performances for the 9 European larch parents (a-d) and the 9 Japanese larch parents (e-h) for ring width (a-b, ef) and ring mean density (c-d, g-h), in pure species (breeding value) (a, c, e, g) and in hybridization (twice the general hybridization ability) (b, d, f, h), along the first decile of the daily relative extractable water (D1rew). Each color represents one genotype, labeled in the legend on the right (1) h 2 = 0.1 and n = 20 (a, e, i), (2) h 2 = 0.1 and n = 120 (b, f, j), (3) h 2 = 0.6 and n = 20 (c, g, k), and (4) h 2 = 0.6 and n = 120 (d, h, l); for 100 simulations in each scenario, and for each order of random regression: order 0 (a-d), order 1 (e-h) and order 2 (i-l). Each grey curve is the ratio for 1 simulation; boxplots summarize all the point ratios in segments of a 10 th of the environmental gradient. The additive variances refer to the progeny population
